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APSTPACT

Activation energies for creep of high purity aluxinum wre obtained

over the temperature range from 77eK to 88QK by rapidly changing the

temperature during creep at constant stress. The experimentally obtained

activation energy was shown to be insensitive to stress and strain, and

this fact questions the validity of those theories for creep that postu-

late stress and strain dependent activation energies. From 5005K to

88OK the activation energy for creep was found to be independent of

temperature and equal to 35,500 calories per mole which is the same as

that for self-diffusion of aluminum. Between 0.25 and 0.40 Tm (250 to

3750K) the activation energy for creep was found to be equal to about

27,500 calories per mole. Below 0.25 Tm the activation energy for creep

was found to decrease rapidly with decreasing temperature; it was shown

that the presence of at least four discrete activation energies could

account for these low temperature results.
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ABRACT

Activation energies for creep of high purity aluminum Vere obtained

over the temperature range from 77*K to SW*K by rapidly changing the

temperature during creep at constant stress. The experimentally obtained

activation energy was shown to be insensitive to stress and strain, and

this fact questions the validity of those theories for creep that postu-

late stress and strain dependent activation energies. From 5000 K to

880eK the activation energy for creep was found to be independent of

temperature and equal to 35,500 calories per mole which is the same as

that for self-diffusion of aluminum. Between 0.25 and 0.40 Tm (250 to

3750K) the activation energy for creep was found to be equal to about

27,500 calories per mole. Below 0.25 Tm the activation energy for creep

was found to decrease rapidly with decreasing temperature; it was shown

that the presence of at least four discrete activation energies could

account for these low temperature results.
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The creep behavior of pure metals at temperatures above one-half of

their melting temperatures can be correlated by the functional relation-

ahip(1-4)

s(E) T - pont.p

where 6 - total plastic strain during creep,

S- a function that depends on the stress,

* the stress,

te -  a temperature-compensated time,

t - time under test,

e - the base for natural logarithms,

4H - the activation energy for creep,

- the gas constant, and

T - the absolute temperature.

Since the activation energies for high temperature creep of pure metals

coincide with their activation energies for self-diffusion, ( 3 ) high tern-

perature creep is believed to be controlled by some type of dislocation

climb process.

The correlations prescribed by Bq. 1, however, are invalid for creep

at temperatures below about one-half of the melting temperature. (1) Uh-

doubtedly, one or more alternate mechanisms for creep predominate at lower

temporatures. Several investigations have been made in attempts to

identify the mechanism of creep at low temperatures. ( 6- 8) But most of

these investigations were especially directed toward verifying the -ex-

haustion theory for creep and they therefore emphasized the dependence

of creep strain on the time under test. Lany possible meohanism for
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creep might have about the same dependence of creep strain on time as

that predicted by the exhaustion theory; consequently, agreement between

the observed time laws for creep and predictions based on the exhaustion

model are not definitive per se for establishing the validity of the

exhaustion hypothesis.

Creep is possible only because of thermal activation of deformation

processes. In the absence of thermal fluctuations creep could not occur.

Consequently, a deeper and more intimate insight into the mechanisms of

creep might be obtained from a more complete picture of the activation

energies for creep. Each mechanism contributing to creep should eventually

be identified with a corresponding characteristic activation energy. It

is the purpose of this investigation to determine the activation energies

for creep of high purity aluminum from 770K to 880oK, in anticipation

that this knowledge will provide the basis for a better understanding of

the creep process.

The creep rate continually changes during the course of creep at a

given stress and temperature. Since the external variables of stress and

temperature are maintained constant throughout the test, such changes in

creep rate must be attributable to the internal changes in sub-structure

that attend the creep process. Consequently, the standard types of creep

tests are not suited for uncovering the fundamental laws of creep because

the structural changes might be unique for each temperature and stress.

At elevated temperatures, however, where Eq. 1 is valid, the sae sub-

structures are obtained at identical values of & for constant stress

creep tests conducted over a range of high temperatures.(2) q. an

therefore be used to determine the activation energy for high temperature

creep. But in the lower ranges of temperature of major interest in this

.o........
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investigation, Eq. 1 is no longer valid. Therefore the superior and

unaabigous technique of obtaining activation energies by the effect of

abrupt changes in temperature on the instantaneous creep rates Jut be-

fore and imediately following the temperature change was adopted for

this study.(9,10) The range of temperatures investigated extended from

77.K to 880K and therefore included both the high and low temperature

ranges for creep.

MATERIALS AND TECHNIQUES

High purity (99.996%) aluminum was selected for this investigation

in view of the extensive data already available on its creep behavior at

elevated temperatures.(1,10) Creep tests were performed on tensile

specimens 0.250 in. wide and 0.100 in. thick machined from rolled sheet.

All specimens were annealed for 10 minutes at 700K in order to remove

the effects of machining and to provide uniform equiaxed grains having a

mean grain diameter of 0.33 m.

Creep tests were performed in machines equipped with Andrade-

Chalmers type lever arms that were contoured so as to maintain the

stress constant to within better than *1%. Strains were measured by

special dial gage extensometers having a least count of 0.0001 in strain.

Activation energies were calculated from the instantaneous creep

rates just preceding and immediately following abrupt small changes in

temperature. From 77oK to 5000K various types of constant temperature

baths were used to maintain steady temperatures. The specimen temperature

was determined by means of thermocouples attached directly to the gage

section. In this range rapid changes in temperature were obtained by

quickly removing one bath from the specimen and immediately substituting

a second bath at the new controlled temperature. With this tehnique the

*1
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specimen acquired the new temperature in slightly less thean two mintes.

1he Instantaneous creep rate Immediately following a t esmperature ohamge

ws obtained by extrapolating through the two minute transient temper-

ature interval. Above 50&K the specimens were tested in air in a low

heat capacity resistance-type furnace. Temperature changes were obtained

by resetting the temperature controller. Although about 10 minutes was

required before the specimen reached the new temperature by this tech-

nique, no difficulty was experienced in extrapolating over the transient

temperature interval, inasmuch as the creep rate did not change rapidly

with time for the stress levels that were investigated.

RESULTS

A typical example of a cyclic temperature creep curve is given in

Fig. 1. Creep was started at 77.31K. At A the temperature was changed

rapidly to 82.0eK. In order to represent the entire curve on a single

graph, the creep curve from A to B at 82.00 K is shown on a folded time

scale, the time being taken as zero the instant the temperature

was changed at A. At B the temperature was reduced to 77.30K etc.

Creep rates were obtained' from Pig. 1 by ga phical differentiation

and were plotted as shown in the example of Fig. 2. Over the complete

range of conditions that were covered in this investigation no spurious

transients could be detected following mall abrupt changes in temper-

ature. Consequently, the instantaneous creep rates just preceding and

imediately following a change in temperature were easily obtained by

appropriate extrapolations of the j versus I curves as illustrated In

Fig. 2.

In order to provide detailed coverag over wide ranges of taper-

aturea, a mber of tests wre made under progesiwely ImeesIng

--li,
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temperatures as shown by the typical example of Fig. 3. The creep rates,

obtained by graphical differentiation of the creep strain-time curves

were again plotted, as shown in the typical example of Fig. 4, as a func-

tion of the strain. It is significant that results from both techniques

gave identical activation energies for the same temperatures, in spite of

differences in stress and strain and temperature histories.

The technique of determining activation energies from the effects

of abrupt changes in temperature on the instantaneous creep rates has a

number of advantages. First, the activation energy is determined with

one specimen, thereby reducing materially the sampling scatter so gen-

erally prevalent in most types of creep tests. Secondly, the activation

energy can be determined for a wide range of strains on a single sample.

Thirdly, the effect of stress on the activation energy is easily evaluated

by running a series of tests over a range of several stresses. Further-

more, the absence of transients following small abrupt changes in temper-

ature suggest that the structure is the same just preceding and immediately

following the change in temperature. Consequently, the change in creep

rate attending a change in temperature is exclusively attributable to

the change in temperature alone.

If creep were due to a single thermally activated process, the

temperature dependence of the creep rate for a given structure and stress

could be represented by the relationship

A e (2)

where A is a constant and &F is the free energy of activation. Both A

and &F might depend on the instantaneous values of the structure and the

stress. Consequently, the creep rates, & and j , Just preceding and
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immediately following an abrupt change in temperature from T to T%

would be related by

,ee~ (3)

Since TZ was selected to be only slightly different from T, s Eq. 3

can be rewritten as

P A(T.) &F(T.). d r)&R $-_ --- - - -- T)(4
T, , (,1) 1 -1 7.(4)

from which the activation energy for creep, &H , can be calculated from

the known temperatures T and T and the measured creep rates i, and

All of the reported activation energies were obtained by means of

Eq. 4. If creep is due to a series of processes, however, the activation

energies given by the application of Eq. 4 are not necessarily real or

attributable to one unique process. Consequently, it is desirable to

refer to such activation energies as apparent activation energies, &H.,

unless it can be established that they are uniquely associated with a

single process. Typical examples of the apparent activation energies

are recorded in Figs. 2 and 4 immediately above the data points that

were employed in their evaluat:.on.

The variation of the apparent activation energy with the mean test

temperature is summarized in Fig. 5. The mean test temperature was cal-

culated from the obvious relationship

TM r 7 (5)

The numbers adjacent to each point of Fig. 5 give the number of inde-

pendent experimental determinations of the apparent activation energy

that were averaged for that point.
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In Fig. 6 are shown a series of typical examples of the effect of

strain and stress on the apparent activation energy for creep at several

especially selected temperatures.

DISCUSSION

The data presented in Fig. 6 reveal that the apparent activation

energy obtained at any one of a series of temperatures is insensitive to

either stress or strain. Over the high temperature range, where creep

is believed to be controlled by a dislocation climb process, the present

observation on the insensitivity of the activation energy to either stress

or strain coincides precisely with that previously obtained by the appli-

cation of Eq. 1.(l.3) And the fact that the same activation energies

are obtained by the progressive increase in temperature technique as

those obtained by the cyclic temperature technique, Justify the conclusion

that over the entire range of conditions that were investigated, the

activation energies for creep are insensitive to the variables of stress,

strain, and the preceding strain-temperature history. In fact, the appar-

ent activation energy for creep of aluminum appears to depend exclusively

on the instantaneous test temperature.

When the rapid change in temperature technique that was adopted

here is used for evaluating the activation energy for creep of polymethyl

methacrylate, (12) the apparent activation energy decreases in the expected

linear manner with increasing stress. Consequently, the observed insensi-

tivity of the apparent activation energy for the creep of aluminum Must

be real and cannot be attributed to insensitivity of the technique that

was employed.

A brief review of various proposed theories for creep, as given

below, will reveal that most of the previously considered mechanisms for
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6reep demand that the activation energy be dependent on the stress or the

straint

1. Beoker Theory. Metals can be deformed at the absolute sero of

temperature in the complete absence of thermal fluctuations. Bocker(l3)

assumed that slip was nucleated when the elastic shear strain energy in

a localized volume V exceeded same critical value given by V whereZG

G is the shear modulus of elasticity and Ty is the yield strength at

the absolute zero. If a stress C less than Cy were applied the mech-

anical strain energy would be less than that required for slip by V(c .

2 G

This missing shear strain energy can be supplied by thermal fluctuations.

Applying the Boltzmann principle the creep rate should be related to the

temperature and stress according to

- V -)

e 2. -k T(6)

where k is the Boltzmann constant. Orowan's improvement of the Becker

V equation(7 ) by the introduction of a stress concentration factor does

not alter the general tenet that increasing the stress reduces the acti-

vation energy for creep. Furthermore, the decreasing creep rate over

the primary stage of creep was ascribed to an increase in AH resulting

from strain hardening.

The Becker theory for creep must abe discarded as inadequate for

three significant reasons:

(a) The observed activation energy for creep is insensitive to the

stress in contrast to the prediction based on the Becker equation.

(b) The observed activation energy for creep is insensitive to

strain in contrast to the implications that AH increases with strain.

(c) The energy to nucleate a Frank-Read source is so great(
14)
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that the creep rate based on nucleation of slip bands would be leaur-

ably mall even at the highest test temperatures.

2. Kauzmann. Dushman, Seitz Theories. 15-17) A series of somewhat

equivalent creep theories have been proposed based on the thermal activa-

tion of *flow units* over free energy barriers. In metals such flow

units are usually identified with dislocations moving in their slip planes.

In general, such theories prescribe that the dislocations are arrested

at barriers which they must then surmount in order to have continued

creep. If &f is the free energy the dislocation must achieve in order

to surmount the barrier, the energy that must be supplied by a thermal

fluctuation is 6- BCr since the applied stress also contributes to work

done in moving the dislocation to the top of the barrier. Neglecting the

possible effect of reversed activation, the creep rate suggested by these

theories can be related to the stress and temperature by the expression

where 4.6 is the entropy and W is the energy of activation. Conse-

quently, the apparent activation energy for such mechanisms decreases

with increasing stress. It is also possible that & might increase with

increasing creep straining due to the introduction of higher barriers.

In any event, however, the dictates of Sq. 7 are not in accord with the

experimental facts, since neither the stress nor the strain appears to

influence the observed apparent activation energies for creep.

The general model expressed by Eq. 7 can be particularised in terms

of various detailed dislocation mechanismss

(a) In fine slip dislocation arrays issuing from Frank-Read sources

on two closely spaced parallel slip planes will interact with each other

'$
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and thereby restrain further slip. In this case the activation energy

should be equal to the work required to free the interacting dislocations.

(b) Dislocations on intersecting slip planes will intersect each

other thereby producing jogs. Here the activation energy will be the

energy to form a jog.

(c) A jogged screw dislocation must leave a trail of interstitiale

or vacancies in its wake. Consequently, the activation energy to move a

jogged screw dislocation is the energy to produce interstitials or

vacancies. If the interstitials and the vacancies do not diffuse away,

the jogged screw dislocation might return to its original site. 7here-

fore, the activation energy for moving a jogged screw dislocation might

include the energy to move an interstitial or a vacancy.

(d) Dislocations can be locked by solute atoms. In one case,

locking can occur by a Cottrell mechanism and in the other case by a

Suzuki meghanism.

(e) Dislocations are also arrested at inclusions and dispersed

secondary phases. Undoubtedly other processes could be appended to this

listing. Consequently, a number of different processes occur during

creep and therefore the apparent activation energy for creep could vary

with temperature. But all of the above mechanisms predict activation

energies that depend on the stress, suggesting that, although they may

be possible mechanisms, some other yet undefined mechanisms actually pre-

dominate during creep.

3. Exhaustion Creep. Various types of exhaustion creep theories

have been formulated. (18) In general they are predicated on the hypo-

thesis that dislocations arrested at the lower barriers escape more

rapidly than those arrested at higher barriers. Thus the creep rate

F
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decreases with time due to the rapid exhaustion of the lightly restrained

dislocations. According to these theories, as creep continues, the aver-

age activation energy for creep increases. This theoretical deduction is

obviously contrary to the observations presented here.

4. Dislocation Climb. At high temperatures edge dislocations can

rise to parallel slip planes by a self-diffusion process. Mott (5) has

suggested that the activation energy for the climb process depends on the

applied stress whereas others(19'20) claim that the applied shear stress

along the slip plane cannot introduce a free-energy gradient in the direc-

tion of climb. According to the latter viewpoint the activation energy

for dislocation climb should be that for self-diffusion unmodified by

the stress. These two alternate viewpoints have not yet been satisfactorily

rationalized in terms of detailed models of creep by dislocation climb

prooesses.

5. Diffusion Model. It has been suggested that at very high tem-

peratures creep might occur by stress directed self-diffusion.(2 1 ) Such

theories suggest that the creep rate increases linearly with the stress,

and that the activation energy for creep is that for self-diffusion.

Although some experimental data(22923) have been published in the liter-

ature supporting this model, it is not valid in the range of stresses

employed in the current investigation since it has been previously shown

that the creep rate does not vary linearly with the stress(19 24 )

6. Recovery Model. Several authors(7,25p26 ) have suggested a re-

covery model for creep where the activation energy is that for recovery

of barriers from the path of the moving dislocations. Cottrell and

Aytekin( 26 have developed an interesting model relating steady state

creep and recovery tests; however, their mathematical analyses include

* 4



~12
a stress-dependent activation energy teram which does not seem compatible

with the presently known facts. Furthermore, the recovery model, as

originally postulated, predicts an initial creep rate of zero if the

stress is dropped suddenly from a high stress to a lower stress during

primary creep. This arises from the fact that there is a time interval

necessary for the internal stress to recover from the high value to a

lower one corresponding to the new lower creep stress. This does not

appear to be the case for high temperature creep of pure aluminum where

it has been shown that the creep rate is merely reduced, but not stopped,

after a decrease in stress.(19,Z) It is nevertheless attractive to con-

sider that creep does take place by some type of a stress-relaxation

process. A successful model, however, must yield an apparent activation

energy that is independent of the applied creep stress.

Most of the theories for creep described above insist upon activa-

tion energies that are stress or strain dependent. In terms of the

rather well documented insensitivity of the apparent activation energy

with either stress or strain, such theories appear to be incompetent to

account for the facts. In most cases the activation energies postulated

by these theories are much greater than those which were observed at the

lowest temperatures that were investigated. This suggests that creep

can occur by easier processes than those thus far taken into considera-

tion in many of the various theories of creep.

The temperature dependence of the apparent activation energy for

creep, given in Fig. 5, exhibits two plateaus. The highest one of about

35,500 calories per mole spans a range of temperatures from about 500K

to 850K. This coincides with the estimated activation energy for self-

diffUsion in aluminum; (3) and, it is equal to the previously reported

I
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activation energy for high temperature creep of aluminum as obtained by

the application of Zq. 1. The next lower plateau, spanning the range

from aboat 250K to about 375K, has an apparent activation energy of

about 27,500 calories per mole. Between 3750 K and 500K the apparent

activation energy increases gradually from 27,500 to 35,000 calories per

mole.

Undoubtedly each plateau represents a region over which a single

mechanism for creep predominates. In the intervening region where the

apparent activation energy increases from the lower to the higher plateau,

both mechanisms are believed to contribute to the observed creep rates.

This rationalization of the data suggests that the structures obtained

during creep in the transition zone must depend on the test temperature

as well as other test variables. Consequently, it is now clear why

Sq. 1 cannot be rigorously applied in regions where two or more mech-

anisms of creep are operative.

Within the sensitivity of the techniques employed here, no plateaus

of the apparent activation energy were obtained in the range of temper-

atures from 77*K to 2500eK. Either creep occurs by a continuous spectrum

of low activation energies in this range or by a number of reasonably

closely-spaced characteristic activation energies.

It is possible that each mechanism of creep might be reflected in

characteristically different time laws. If this were so, the creep

strain versus time curve at various temperatures should reveal signif-

icantly different relationships. But, as shown by the typical creep

curves ropodwed. in Fig. 7 there does not appear to be any striking dif-

ference in the time laws for creep at different temperatures when appro-

priate stresses are selected for test. Creep did not exhaust itself

imt • • m
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even at 77eK, although at lower stresses than those actually employed it

might have become immeasurably slow and therefore undetectable in the

usual period of a creep test.

The preceding discussion reveals, in part, the inherent complexity

of macroscopically measureable creep. It would indeed be helpful to be

able to isolate and study independently each possible mechanism for creep.

Lacking the techniques for doing this at present, it is necessary to con-

fine our attention to analyses of macroscopic phenomenological data in

anticipation that such analyses might furnish clues to the detailed mech-

anisms of creep. For this purpose, assume that creep arises from a series

of mechanisms. Parallel mechanisms can be discarded since in such cases

creep would be controlled primarily by the slowest unit process in

the parallel assemblage. If we insist upon adjusting our model to agree

with the experimental results, the model must be so constructed that the

apparent activation energy obtained from the model is independent of the

stress and the strain. This requirement immediately leads to the unor-

thodox assumption that

= : - P &H' T O (T.S) (8)

where &H L - a constant equal to the activation energy of the L th

process,

U - the weight factor for the L th process,

- a function of the instantaneous stress and structure,

and S - the structure which varies in a yet undefined wy with

the preceding creep history.

By introducing Nj. 8 into 4, the apparent activation energy for the
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assumed model becomes

&Ho= d (9)
where 4s-o is independent of the stress and strain as revealed by the ab-

sence of stress and structure in the expression to the right of the last

equality sign in-Eq. 9. The usual assumption that each of the series of

processes contributes strain rates that are unique functions of the stress

and structure to the total creep rate would have resulted in apparent

activation energies that would have been functions of the stress and strain.

As yet, the separation of the function (Oc S) as a single independent

multiplying factor of the sums of the series of activation energy terms

can only be justified on heuristic grounds and posteriori correlations.

Two activation energies, namely 35,500 and 27,500 calories per mole,

of the total series appear to be fairly well established. In order to

compare the concept of a series of activation energies with the actual

experimental results four additional activation energies were arbitrarily

selected as shown in Table I. A weight factor of W. - 1 was assigned

to the highest activation energy of 35,500 calories per mole. The re-

maining weight factors were then calculated by applying Eq. 9 to the

experimental data. It is interesting to note that according to these

assumptions the weight factors must show an unexpectedly large increase

with increasing activation energies in order to account for the experi-

mental results. Using the data in Table I, the calculated apparent

activation energy curve given by the broken line of Fig. 5 was obtainedj

this agrees reasonably well for all apparent activation energies. When

a similar comparison was made using the two upper activation energies

plus only three lower activation energies, a series of plateaus were
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TABLE I

Weight Factors

Cal/Mole ______ ___

35,5001

279500 1.57 x 1074

20,.000 6.90 x 10O1

12,500 1.57 x 1io20

6,500 5.08 x 10o30

3,000 5.04 x 10O3
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obtained over the lower temperature range that gave larger deviations

from the experimental facts than the experimental scatter. This suggests

that at least four low activation energy processes for creep mast be

assumed in addition to the two highest activation energies.

CONCLUSIONS

1. The activation energy for creep of high purity aluminum is

independent of both stress and strain over the range of temperatures

from 77K to 880'K.

2. The activation energy for creep above about 5000 K is independ-

ent of the temperature and equal to 35,500 calories per mole, the activa-

tion energy for self-diffusion of aluminum.

3. Between 250K and 3750 K, the activation energy for creep

remains constant at about 27,500 calories per mole.

4. But over the range from 770K to 250K and from 350K to 50eK9

the activation energy increases with increasing temperature.

5. These data seriously question the validity of those theories

for creep that postulate stress or strain dependent activation energies

for creep.
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